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Gap rarity index 
Ecological resilience has been proposed to be generated, in part, in the discontinuous 
structure of complex systems. Environmental discontinuities are reflected in discontinuous, 
aggregated animal body mass distributions. Diversity of functional groups within body mass 
aggregations (scales) and redundancy of functional groups across body mass aggregations 
(scales) has been proposed to increase resilience. We evaluate that proposition by analyzing 
mammalian and avian communities of Mediterranean-climate ecosystems. We first deter- 
mined that body mass distributions for each animal community were discontinuous. We 
then calculated the variance in richness of function across aggregations in each community, 
and compared observed values with distributions created by 1000 simulations using a null of 
random distribution of function, with the same n, number of discontinuities and number of 
functional groups as the observed data. Variance in the richness of functional groups across 
scales was significantly lower in real communities than in simulations in eight of nine sites. 
The distribution of function across body mass aggregations in the animal communities we 
analyzed was non-random, and supports the contentions of the cross-scale resilience 
model. 
0 2007 Elsevier B.V. All rights reserved. 
1. Introduction 
Ecological processes are scale-specific in their effects, and 
create heterogeneous landscapes with scale-specific structure 
and pattern (Turner e t  al., 2001). Spatial and temporal 
heterogeneity, in turn, contributes to the structure of animal 
communities. Spatial patterns affect an organism's ability to 
disperse, which in turn limits resource availability, gene flow, 
diversification, and other ecological processes (Turner et  al., 
2001; Coulon et  al., 2004; Vignieri, 2005). Spatial and temporal 
patterns within landscapes are also reflected in animal body 
mass distributions (Allen and Holling, 2002). 
The Textural Discontinuity Hypothesis proposed that  body 
mass distributions of animal communities reflect landscape 
structure (Holling, 1992). Holling proposed that landscapes are 
structured by a relatively few key processes, each operating a t  
distinct spatial and temporal scales. The actions of those 
processes and the scales at  which they operate are reflected in 
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discontinuous patterns of structure and resource distribution 
upon landscapes. Discontinuous structure in landscapes may 
result in discontinuous, aggregated animal body mass 
patterns, which reflect the scales of structure available to 
animals within a given landscape. Discontinuous body mass 
distributions have been observed in numerous ecological 
systems and among several taxa, including birds, mammals, 
reptiles and amphibians, fish and bats (Allen and Holling, 
2002). 
Ecological resilience appears to be generated, in part, in the 
discontinuous structure of these complex systems (Peterson 
et al., 1998). Ecological resilience is a measure of the amount of 
change needed to transform an ecosystem from one set of 
processes and structures to a different set (Holling, 1973; 
Gunderson, 2000). An ecosystem with high resilience would 
require a substantial amount of energy to transform, whereas 
a low resilience system would transform with a relatively 
small amount of energy. Peterson et al. (1998) expanded upon 
Holling's Textural Discontinuity Hypothesis by proposing that 
functional diversity within body mass aggregations and 
redundancy of functional groups across body mass aggrega- 
tions (i.e., scales) increases resilience. Resilience is increased 
by overlap of function by species of different functional groups 
operating at similar scales. A diversity of function within a 
scale provides a system with a wide latitude of response to a 
variety of different perturbations. Redundancy of functional 
groups across scales provides reinforcement of function, 
increasing resilience. Having functions reinforced at different 
scales provides a system with a robust control of perturbations 
when they exceed controls at a given scale. 
The model Peterson et al. (1998) proposed has not been 
tested. However, the authors suggest several potential tests of 
their cross-scale resilience model, including analysis of 
empirical data, simulations, and field experimentation. They 
proposed testing the idea that ecological function is distrib- 
uted across scales by analyzing the distribution of functional 
groups and determining if species of the same functional 
groups are dispersed across scales. In this paper, we evaluate 
this proposition by analyzing the distribution of function 
across scales in mammal and bird communities of several 
Mediterranean-climate ecosystems in various regions of the 
world. Specifically, we determined the variance in the 
distribution of functional richness across scales. Low variance 
in functional richness across scales would indirectly indicate 
both elements of the cross-scale resilience model, functional 
diversity within scales and redundancy across scales. 
2. Methods 
Despite being geographically and evolutionarily isolated with 
flora and fauna differing among regions, Mediterranean- 
climate ecosystems are ecologically similar in structure and 
function (Di Castri and Mooney, 1973; Kalin Arroyo et al., 1995). 
They typically display high species diversity and are present in 
disparate regions of the world (Lavorel, 1999). Mediterranean- 
climate ecosystems are characterized by wet winters, dry 
summers, and mild temperatures. These systems occur in 
subtropical latitudes on the western coast of continental land 
masses (California, Chile, southwestern Australia, and the 
Cape Town area of South Africa) and the coast of the 
Mediterranean Sea (Davis and Richardson, 1995). 
Species' distributions and body mass estimates were 
determined for bird and mammal communities in several 
Mediterranean-climate ecosystems. Avian community spe- 
cies' distributions were determined for Mediterranean eco- 
systems in San Diego County, California (Unitt, 1984), Spain 
(Cramp, 1978-1994), South Africa (Winterbottom, 1966) and 
southwestern Australia (Saunders and Ingram, 1995). All avian 
body masses were obtained from Dunning (1993), except for 
Spain which were determined from Cramp (1978-1994). 
Mammalian community species' distributions and body mass 
estimates were determined for Mediterranean ecosystems in 
California (Quinn, 1990; Silva and Downing, 1995), South Africa 
(Smithers, 1983; Silva and Downing, 1995), Spain (Cheylan, 
1991), Chile (Miller, 1980, corroborated with Redford and 
Eisenberg, 1992), and southwestern Australia (Strahan, 1995). 
Only species that had established breeding populations in 
each respective region were included, and non-indigenous 
species were not included. Pelagic birds and bats were 
excluded because they interact with their environment 
differently than terrestrial species (Allen et al., 1999). In all 
cases, adult male and female body masses were averaged. 
Each community was analyzed for discontinuities in their 
body mass distributions. All species within a community were 
ranked in order of body mass. The logs of the body masses 
were calculated, and discontinuities were determined with 
the gap rarity index (GRI) (Restrepo et al., 1997; Allen and 
Holling, 2002; Stow et al., 2007). The GRI uses the GRI statistic, 
which is the probability that the observed discontinuities in 
the body size spectrum occur by chance alone, to compare 
observed body mass distributions with a unimodal null 
distribution that is produced by a kernel density estimator 
(Silverman, 1981), which smoothes the observed data into a 
continuous null. This null distribution was then sampled 
10 000 times and an absolute discontinuity value: 
was calculated for each species in each simulation. The 
ranked distribution of the observed body masses was com- 
pared with the distribution of the differences for the nth 
largest species from the simulations. The GRI for each species 
in the actual assemblage is the proportion of the simulated 
discontinuity values that were smaller than the observed 
discontinuity value. The significance of each GRI value was 
then determined by testing the null hypothesis that the value 
was drawn from a continuous distribution with an alpha of 
<0.05. Unusually large gap values were considered significant 
and determined the location of discontinuities that bound 
body mass aggregations. The results were confirmed by con- 
ducting a SAS Cluster analysis using the Ward option based on 
variance reduction (SAS Institute Inc., 1999). 
Functional group classifications were determined for each 
species. A functional group is essentially the classification of 
an organism's ecological "role". For this study, we have 
defined functional groups as the combination of the species' 
diet and foraging strata. Data on diet and foraging strata were 
collected from published sources (Cramp, 1978-1994; Brown 
et al., 1982; Smithers, 1983; Blakers et al., 1984; Urban et al., 
1986; Ehrlich et al., 1988; Fry et al., 1988; Jameson and Peeters, 
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1988; Keith et al., 1992; Redford and Eisenberg, 1992; Strahan, 
1995; Urban et al., 1997; Wilson and Ruff, 1999; Fry et al., 2000, 
2004; MacDonald and Barrett, 2001). For species where more 
than one food source or foraging stratum were possible, the 
first item listed was used. The first listed item was assumed to 
be the most prominent food source in the species' diet. The 
diets of each species were then classified as one of seven 
categories: insectivore, piscivore, carnivore, granivore, nec- 
tarivore, herbivore, and omnivore. All invertebrate sources 
were categorized as insectivore, carrion feeders were classi- 
fied as carnivorous, and fruits and nuts were considered 
herbivorous. In each community, a diet classification had to 
represent 5% of the total community or have an n = 5, 
otherwise it was put into another diet classification, in order 
to maintain minimal numbers within each category for 
analysis. When necessary, insectivores and piscivores were 
classified as carnivores and granivores and nectarivores were 
classified as herbivores. Omnivores were classified according 
to the food source that was most present in their diets. The 
foraging stratum for each species was classified as one of the 
following: terrestrial and aquatic for both avian and mamma- 
lian fauna; aerial, bark, and foliage for avian fauna only; 
arboreal and fossorial for mammalian fauna only. The diets 
and foraging strata for each species were combined to create 
functional groups. 
Body mass distributions were then analyzed to calculate 
the richness of function within size classes (i.e., the number of 
functional groups present within a given body mass aggrega- 
tion), and the variance in richness of function across size 
classes. Although the cross-scale resilience model of Peterson 
et al. (1998) did not directly address the variance in the 
distribution of functional richness across scales, it follows that 
variance in richness should be low if diversity within scales 
and redundancy across scales are high. However, it is possible 
that even if observed variance in richness was low the identity 
of functions present could differ. We could not address that 
issue directly because of phylogenetic constraints on the body 
size of some functional groups. For example, granivores are 
more likely to be smaller animals. Thus, in our randomiza- 
tions, which do not incorporate phylogenetic constraint, 
random distributions of individual functional groups will 
invariably be more dispersed than distributions in real 
communities. Therefore, we used the variance in richness 
of function across aggregations as an indirect assessement of 
the predictions of the cross-scale resilience model. 
We used computer resampling to generate the distribution 
of variances that would be observed if there was no relation- 
ship between aggregations and functional groups. The basic 
dataset consists of alist of species, which aggregation they are 
in, and which functional group they belong to. The observed 
functional richness for the ith aggregation, R,, is simply the 
number of unique functional groups observed in that 
aggregation. The estimated variance in functional richness 
across scales is then calculated as the variance of the R,, 
where n is the number of aggregations present, and R is the 
average functional richness. To determine if this value is low, 
we generated 1000 permutations of the list of functional 
groups; a permutation randomly reorders a list without chan- 
ging the elements of that list. The permutation preserves both 
the number of species in each aggregation, and the number of 
species in each functional group; only the relationship 
between functional groups and aggregations is randomized. 
For each permutation j we calculated the variance of func- 
tional richness across scales in the same way as for the 
observed data. The observed variance is then ranked within 
the randomized distribution. Output from the simulations is 
the proportion of runs with variance above, equal, and below 
that of the observed variance of functional richness across 
aggregations. If the output shows a lower variance in the 
simulated distributions of functional diversity than in the 
observed, then the hypothesis proposed by Peterson et al. - 
that functions tend to be distributed evenly across scales - is 
not supported. If the variance of functional richness across 
scales of the observed systems is smaller than the random 
distributions, the model of Peterson et al. (1998) is supported. 
The combined above and equal proportions (hereafter, 
"above") from the simulated runs were tested for correlation 
with number of species in the community (N), number of body 
mass aggregations, and the number of functional groups. 
3. Results 
The body mass distributions of all the bird and mammal study 
communities were discontinuous (see Table 1). Distinct 
aggregations of body mass were detected among all sites 
with both methods. The number of aggregations ranged from 
four in the Chilean mammal community to 16 in the 
southwest Australian bird community. There were typically 
more aggregations in bird communities (ranging from 9 to 16) 
than in mammal communities (ranging from 4 to 9). This may 
be related to the higher number of species in the bird 
communities (81-141 species) than in mammal communities 
(27-65 species), and/or to differences in the manner in which 
terrestrial mammals and flighted birds interact with environ- 
mental structure. 
The simulation runs produced greater proportions of 
variances ranked above or equal to the observed variance in 
all of the study sites, except Spain mammals (Table 1). The 
proportions of above and equal variances were higher in the 
bird communities of San Diego County (p = 0.996), Spain 
(p = 0.702), South Africa (p = 0.689), and southwestern Aus- 
tralia (p = 0.885), than in the mammal communities of 
California (p = 0.665), Spain (p = 0.152), South Africa 
(p = 0.582), Chile (p = 0.509) and southwestern Australia 
(p = 0.654). The ranking of above proportions were positively 
correlated with N (r = 0.65, p = 0.059), number of body mass 
aggregations (r = 0.60, p = 0.088), but not with the number of 
functional groups (r = 0.48, p = 0.194) (Table 1). The results of 
the correlation tests change dramatically when the data for 
Spain mammals, which is substantially different from the 
other eight replicates, is excluded. The ranking of above 
proportions, excluding Spain mammals, were positively 
correlated with N (r = 0.78, p = 0.021), number of body mass 
aggregations (r = 0.72, p = 0.044), and number of functional 
groups (r = 0.79, p = 0.021). Because the sample sizes were 
small, the expected power of each individual simulation is not 
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Above + equal N No. Aggs No. FnGrps 
Chile mammals 
California mammals 
San Diego birds 
South Africa birds 
South Africa mammals 
Spain birds 
SW Australia birds 
SW Australia mammals 
Spain mammals 
(r) w/Spain mammals 
(r) W/O Spain mammals 
Also included are the Pearson correlation results between above and equal proportions with N, number of body mass aggregations, and 
number of functional groups. The results of the correlation tests excluding the Spain mammals data are included as well. 
high. However, if there is genuinely no effect across all 
replicate ecosystems, then the proportion of combined above 
and equal distributions across all replicates will be drawn 
randomly from a uniform distribution between 0 and 1. We 
used Fisher's test of uniform random numbers to determine if 
the observed results followed a uniform random distribution 
(e.g. McCarthy et  al., 2001). The test statistic 
has a Chi-square distribution with 2n degrees of freedom for n 
uniformly distributed random numbers (Fisher, 1954). The 
ranking of the observed variances in the lower half of the 
simulated variance distributions was an unlikely random out- 
come for a uniform distribution (L = 9.57, p = 0.054). Removing 
the Spain mammals from the analysis yielded a strongerresult 
(L = 5.803, p = 0.009). 
4. Discussion 
Peterson et al.'s (1998) hypothesis which suggests that 
function should be non-randomly distributed within and 
across scales is supported by the results of our simulations 
(Table 1). Random simulations of functional distribution 
within and across body mass aggregations yielded distribu- 
tions with higher variance of functional richness across scales 
than our data from Mediterranean-climate ecosystems. We 
did not test the relationship with resilience, as an effective 
method of estimating resilience is not yet known. However, 
our results do fit the predictions of the cross-scale resilience 
model proposed by Peterson et al. (1998), without explicitly 
testingit. The rankings of the observed data in the distribution 
generated by the null model were higher in avian communities 
than in mammalian communities. The four avian commu- 
nities also had more species, more body mass aggregations, 
and more functional groups than did the mammalian 
communities. The correlations identify a positive relationship 
between these three variables and the rankings of the 
observed data. As the number of species, body mass classes, 
or functional groups increases, so does the proportion of above 
variances in the simulated runs. The relationship is substan- 
tially stronger when the Spain mammal data are excluded. 
Peterson et al. (1998) suggest that the process of inter- 
specific competition could be the mechanism driving a non- 
random distribution of function within and across scales. 
Species of the same functional group, for example foliage 
insectivores, are more likely to interact with each other and 
compete than with members of other functional groups. 
Similarly, species exploiting their environment at  the same 
range of scale, that is, species with body mass that place them 
in the same body mass aggregation, are more likely to interact 
with each other, and potentially compete, than with species 
that exploit their environment at larger or smaller scales. 
Thus, coexistence of species within the same functional group 
will be facilitated if they exploit their environment at different 
scales, and species operating at the same scale are likely to be 
member of different functional groups. Compartmentaliza- 
tion of species interactions by scale, driving within-scale 
diversity and cross-scale redundancy, is likely to be adaptive 
because it creates resilient and thus persistent species 
combinations, by maximizing response diversity within scales 
and by providing a robust check to perturbations that tend to 
scale up, such as insect outbreaks. 
Because of the complex and unpredictable nature of 
ecosystems, the task of increasing, or even maintaining, 
ecological resilience is daunting. Estimating or predicting 
resilience is one of the challenges ecologists face in the 
management of ecosystems. Recent improvements in esti- 
mating ecological resilience have been made with the use of 
models, however, these methods are still relatively new and 
their utility has not been effectively tested (Peterson, 2002). 
Allen et al. (2005) propose that resilience may be operationa- 
lized in the discontinuous structure of complex systems. They 
suggest that numbers of body mass aggregations, richness of 
function within and across aggregations, and the location of 
species turnover are measures that can be used to determine 
the relative resilience of system. Our analysis shows that 
ecological systems exhibit a non-random distribution of 
function within and across aggregations. Documenting a 
non-random distribution of function across aggregations is 
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key for developing effective, quantifiable methods of oper- 
ationalizing resilience in the discontinuous structure of 
ecological systems. 
Our simulations determine if richness is spread evenly 
across body mass aggregations, but does not determine 
whether a particular functional group is spread across 
aggregations more than expected. The latter is assumed to 
follow the former; however we do not explicitly test this. 
Also, we have not accounted for phylogenetic constraints on 
body mass. Functional groups may be constrained to species 
of certain body masses. For example, we can predict a 
granivorous, foliage-gleaning bird to be of a relatively small 
body mass, or an aerial carnivore to be amongst the larger 
birds in a community. On the other hand, these constraints 
are not hard and fast. Baleen whales are especially large 
insectivores, feeding on tiny invertebrates. Likewise, fire 
ants (Solenopsis invicta) may feed upon animals much larger 
than themselves (Allen et al., 2004). Regardless, it is not 
necessary to have every functional group spread across 
every aggregation in order to support Peterson et al.'s (1998) 
hypothesis. Our tests confirm that functional groups are 
more dispersed than would be expected if they were 
randomly assembled. 
As landscapes globally become increasingly altered by 
humans, animal communities also will change. Improving our 
knowledge of the relationship between landscape structure 
and animal body mass distributions may enhance our 
understanding of ecological resilience and the role biodiver- 
sity plays in maintaining resilience. Many current manage- 
ment strategies fail because they attempt to control 
disturbances or fluctuations, or manage for only one or a 
few species (Gunderson, 2000; Folke et al., 2004). These 
strategies do not account for the unpredictable nature of 
complex ecosystems. By maintaining or increasing resilience 
in these systems, the likelihood of transformations to 
undesired, alternative states of ecological processes and 
structure may be reduced. We must also adapt to the gradual, 
and often unexpected, changes that affect resilience using 
approaches that operate at multiple scales (Gunderson, 2000; 
Gunderson and Holling, 2002; Folke et al., 2004). 
In order to develop more advanced methods of estimating 
resilience, it is important to understand how resilience is 
generated within ecosystems. Peterson et al. (1998) believed 
that resilience is generated, in part, in the discontinuous 
structure of these systems through functional diversity of 
species within scales and the redundancy of function across 
scales. Our study supports this proposition, and together with 
future empirical and field tests may help provide a thorough 
understanding of how ecological resilience is generated. By 
determining the body mass distributions and functional 
makeup of animal communities, we may be able to predict 
which species are at the highest risks and how to best 
maintain an ecosystem's resilience. Using and improving 
these tools may be a key element to better management of 
ecological systems in the future. 
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Appendix A 
Bird species distribution for Mediterranean-climate: San 
Diego County, California, USA; Spain; southwestern Australia; 
South Africa (Tables A1-A4) and mammal species distribution 
for Mediterranean-climate: California, USA; South Africa; 
southwestern Australia; Chile; Spain (Tables A5-A9). 

















Parus gambeli baileyae 
Troglodytes aedon 
He Ae  
He Ae  
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Latin name Body mass Aggregation Functional group 
Carduelis lawrencei 
Cistothorus palustris 
Vireo huttoni huttoni 



























































Rallus limicola limicola 
Toxostoma rediuiuum 
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Ardeola striata anthonyi 
Callipepla picta 
Asio otus wilsonianus 
Elanus leucurus 
Egretta ibis ibis 
Geoccyx californianus 
Columba fasciata 
Circus cyaneus hudsonius 
Accipiter cooperii 
Coruus brachyrhynchos 















































Each distribution includes Latin names ,  logl0-transformed body masses ,  body m a s s  aggregation membership ,  a n d  functional group code used 
i n  richness simulations. The  first t w o  letters (prefix) of t h e  functional group code represent  t h e  die t  componen t  a n d  t h e  latter two letters 
(suffix) represent  foraging strata.  Key to prefixes: Ca = carnivore; Gr = granivore; He =herbivore;  In = insectivore; Ne = nectarivore; O m  = omni-  
vore. Key to sufixes: Ae = aerial; Aq = aquatic; Ar = arboreal; Ba =ba rk ;  Fo = foliage; Fs = fossorial; Te =terrestrial.  
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Each distribution includes Latin names, logl0-transformed body masses, body mass aggregation membership, and functional group code used 
i n  richness simulations. The  first two  letters (prefix) o f  the functional group code represent the diet component and the latter two letters 
(suf f ix)  represent foraging strata. Key to prefixes: Ca = carnivore; Gr = granivore; He =herbivore; In = insectivore; Ne = nectarivore; Om = omni- 
vore. Key to sufixes: Ae = aerial; Aq = aquatic; Ar = arboreal; Ba =bark; Fo = foliage; Fs = fossorial; Te =terrestrial. 
Latin name Body mass Aggregation Functional group 
Smicrornis breuirostris 0.708 1 GrFo 
Gerygone fusca 0.783 1 InFo 
Malurus leucopterus 0.785 1 InFo 
Acanthiza inornata 0.845 2 InTe 
Poephila guttata 0.845 2 GrTe 
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Each distribution includes  Latin names ,  logl0- t ransformed body masses ,  body m a s s  aggregation member sh ip ,  a n d  functional group code u sed  
i n  r ichness  simulations. T h e  first t w o  le t ters  (prefix) of t h e  functional group code represent  t h e  d ie t  componen t  a n d  t h e  la t ter  two letters 
(suffix) represent  foraging s t ra ta .  Key to prefixes: Ca = carnivore; Gr = granivore; He =herbivore ;  In  = insectivore; Ne = nectarivore; O m  = omni-  
vore.  Key to sufixes: Ae = aerial; Aq = aquatic;  Ar = arboreal;  Ba =ba rk ;  Fo = foliage; Fs = fossorial; Te  =terrestrial .  
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Latin name Body mass Aggregation Functional group 
































Each distribution includes Latin names, logl0-transformed body masses, body mass aggregation membership, and functional group code used 
in  richness simulations. The first two letters (prefix) of the functional group code represent the diet component and the latter two letters 
(suffix) represent foraging strata. Key to prefixes: Ca = carnivore; Gr = granivore; He =herbivore; In = insectivore; Ne = nectarivore; Om = omni- 
vore. Key to sufixes: Ae = aerial; Aq = aquatic; Ar = arboreal; Ba =bark; Fo = foliage; Fs = fossorial; Te =terrestrial. 

































































Each distribution includes Latin names, logl0-transformed body masses, body mass aggregation membership, and functional group code used 
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